Over the past decade several studies have shown that transcranial alternating current stimulation (tACS) delivered at the beta (15e25 Hz) frequency range can increase corticospinal excitability of the primary motor cortex (M1). The aim of this study was to systematically quantify the effect size of beta-tACS on corticospinal excitability in healthy volunteers, as well as to identify significant outcome predictors. A meta-analysis was performed on the results of 47 experiments reported in 21 studies. Random effects modelling of the effect sizes showed that beta-tACS significantly increases M1 excitability ( E ¼ 0.287, 95% CI ¼ 0.133e0.440). Further analysis showed that tACS intensities above 1 mA peak-to-peak yield a robust increase in M1 excitability, whereas intensities of 1 mA peak-to-peak and below do not induce a reliable change. Additionally, results showed an impact of tACS montages on these effects. No difference in effect size for online compared to offline application of tACS was found. In conclusion, these findings indicate that beta-tACS can increase cortical excitability if stimulation intensity is above 1 mA, yet more research is needed to titrate the stimulation parameters that yield optimal results.
Introduction
Two millennia after the Roman physician Scribonius Largus investigated the effects of electric currents over the human head using torpedo fish [1] , the mechanisms of how transcranial electric stimulation affects brain activity are still not fully understood. Transcranial alternating current stimulation (tACS) applies weak non-invasive oscillating currents as a means of inducing neuromodulation to change neural electric excitability [2, 3] . Although these currents are too small to induce neuronal firing, subtle changes in the resting membrane potential are thought to enhance rhythmicity and induce phase-locking of endogenous brain activity [4] . Neural synchronization in oscillatory patterns reflects a mechanism of communication between brain cells [5e7] . TACS may modulate such oscillations, which potentially affects task performance in an non-linear fashion. As such a linear increase in tACS parameters may have no or even opposing effects on behavior [8e10].
Neural oscillations in the beta frequency range (13e30 Hz) recorded over the medio-lateral parts of the scalp correlate to sensorimotor activation [11, 12] . Beta oscillations in these areas depend on a balance between inhibitory (GABAergic) and excitatory (glutamatergic) input [13] . As such, increased GABAergic activity is related to higher resting beta power and beta desynchronization during motor-related processes [14, 15] . Arguably, by manipulating the inhibitory-excitatory balance with beta tACS-induced neuromodulation, the corticospinal output to the associated muscles may be affected. Thus, these studies suggest that motor cortex oscillations relate to motor cortex excitability.
TACS studies have tested the idea that entrainment of beta oscillations affects neural excitability by measuring motor-evoked potentials (MEP) with single pulse transcranial magnetic stimulation (TMS). Whereas several studies have demonstrated increased MEP amplitudes during beta-tACS [16e20], others have found no effects [21] , and in some cases even decreases in MEP amplitudes were found [22] . In addition to online effects, it has recently been suggested that tACS may induce M1 plasticity lasting up to 60 min after intervention [20,23e25] . It has been suggested that these after effects depend on spike-timing dependent plasticity (STDP), which may be induced by tACS in recurrent M1 networks. However, others have found no beta-tACS induced after effects [21, 26] .
The heterogeneity of results might partially be explained by inter-and intra-individual variability in tACS susceptibility. The variability can be traced back to individual differences, such as scalp-cortex distance, gyrification, intrinsic peak neural oscillation frequency, gender, age, genetics, current state of brain physiology, and attention. Furthermore, differences in tACS parameters, such as the montage, intensity, and whether MEPs were investigated during or after tACS contribute to the heterogeneity [27, 28] .
Therefore, we aimed to quantify the effect size of current research findings by performing a meta-analysis to determine whether the mean effect of beta-tACS on MEP amplitude was significantly greater than zero. Furthermore, the influence of tACS parameters (intensity, montage, online vs offline) on this mean effect was explored.
Methods
The meta-analysis was conducted following the guidelines of the Preferred Reporting Items for Systematic reviews and MetaAnalyses for Protocols (PRISMA-P [29] ).
Eligibility criteria
Studies were selected if they satisfied the following eligibility criteria: i) Peer-reviewed published studies in the English language were included; ii) studies were performed on healthy adult humans, who did not take any psychoactive medication or drugs; iii) studies received formal ethical approval; iv) the study had to include at least one baseline measurement and at least one measurement during or after tACS; v) the outcome measure had to be MEP amplitude; vi) outcome measures were obtainable from the main text, figures, tables or supplementary data; vii) tACS was administered within the beta range (15e25 Hz), with no DC offset.
Search strategy and study selection
A literature search was conducted within the scientific databases PubMed and Web of Science and the final date was set to January 31, 2019. The following search terms were included: i) "transcranial alternating current stimulation" þ "beta"; ii) "tACS" þ "beta"; iii) "tACS" þ "X Hz", where X ranged from 15 to 25; iv) "transcranial alternating current stimulation" þ "X Hz", where X ranged from 15 to 25; v) "tACS" þ "MEP"; vi) "transcranial alternating current stimulation" þ "MEP"; vii) "tACS" þ "motor evoked potential"; viii) "transcranial alternating current stimulation" þ "motor evoked potential". Furthermore, a manual search was carried out over the reference sections of the retrieved studies. The search resulted in 491 hits and after removal of 107 duplicates and 282 publications which did not cover the topic of this review, 102 articles remained. After full-text assessment 21 articles were identified as eligible for the present meta-analysis [16e23, 25,26,30e40] . Since several studies had multiple measurements, the main analysis on MEP amplitude consisted of 47 data points (Fig. 1 , Tables 1 and 2 ).
Outcome variables
For the main study, MEP amplitudes elicited by single pulse TMS were investigated as main outcome measure. The proportion change from pre-tACS baseline MEP size to the effects of tACS on MEP size was calculated. In a post-hoc analysis, the effects of tACS parameters, that included intensity, superficial current density, montage and online vs offline were investigated by the corresponding proportion change compared to baseline. Intensity was expressed in milliampere (mA) and superficial current density in mA/cm 2 . Five montages were investigated: M1-Pz, M1-Oz, M1-supraorbital area (SOR), M1-shoulder, and high definition (HD) M1 stimulation. Online tACS refers to effects on MEP amplitude measured while alternating currents were applied, whereas offline tACS refers to the after-effects following a tACS intervention.
Risk of bias
Risk of bias assessment was performed using the Cochrane Collaboration's tool [41] . For each study, the authors judged the risk of selection bias, performance bias, detection bias, attrition bias, reporting bias, and other biases. Risk of bias was categorized as low, high or uncertain. The assessment of each study and the percentage of bias are presented in Fig. 2 .
Data extraction and statistical analysis
If the effect size Cohen's d was reported, the effect sizes were extracted directly. Otherwise, the mean difference between online/ offline tACS and pre-tACS values as well as the pooled standard deviation were used to calculate the Cohen's d effect size. Based on these values the Hedges' g value was calculated as a correction for biases in effect size caused by small sample sizes [42] . Subsequently, a random effects model was used to calculate the mean effect size ( E) and 95% confidence interval. A Z-statistic and p-value was calculated to determine whether E was significantly different from zero. The main analysis on MEP amplitude consisted of 47 extracted effect sizes, which represent the difference between tACS-induced changes of MEP size compared to a pre-tACS baseline measurement. Positive Hedges' g values indicate an increase in MEP size, whereas negative values indicate a decrease in MEP size. In posthoc analyses, tACS intensity, montage and online vs offline were investigated. For tACS intensity effect sizes were divided into two groups; studies applying 1 mA tACS or less (n ¼ 30) and studies applying more than 1 mA (n ¼ 17). Additionally, a Spearman rank correlation was calculated between current density values and effect size. For tACS montage, effect sizes were divided into five groups; studies using a M1-Pz (n ¼ 17), M1-Oz (n ¼ 16), M1-rSOR (n ¼ 6), M1-shoulder (n ¼ 3), or HD-M1 montage (n ¼ 3). For the final post-hoc analysis effect sizes were divided into online (n ¼ 33) and offline tACS (n ¼ 14) designs. For all three post-hoc analyses a GLM between-subjects ANOVA was performed to get an indication of whether effect sizes differ between categories.
For all analyses, the sample distribution was checked for normality using a Kolgomorov-Smirnov (KS) test. Furthermore, total heterogeneity (Qtotal) was tested against a c 2 distribution (df ¼ n-1) to determine whether the variance of effect sizes was greater than to be expected from sampling error [42] . To investigate potential publication bias within the main MEP analysis, first the fail-safe number based on the Rosenthal method (a < 0.05) was calculated. This value represents the amount of null findings needed to render the mean effect non-significant [43] . Second, a non-parametric rank-order correlation between effect size estimates and sample size was calculated, where non-significant results indicate low risk of bias [44] . Data were analyzed using MetaWin 2.1 [45] and IBM SPSS 25.0. All statistical tests were tested against a significance level of a 0.05 (two-tailed).
Results

Risk of bias
Risk of bias as judged by the authors is represented in Fig. 2 . Generally, the risk of bias was very low, with no indications for performance, attrition or detection bias. The absence of reporting MEP amplitudes in Wach et al. [31] may indicate a reporting bias. The data of this study were provided by the authors, gathered by personal communication. Two studies used a single-blind design [23, 34] , yielding a potential for detection bias as the experimenter was not blind to the tACS condition. In five studies blinding of the experimenter was not reported and these were categorized as uncertain for detection bias. Participants in all studies were divided into groups in a randomized manner yielding a low potential for selection bias. However, since tACS may cause a tingling or itching sensation on the skin it is important to check the adequacy of blinding after the experiment. Such post-tACS check for blinding was not explicitly reported by four studies and hence these were categorized as uncertain for selection bias. No other biases were observed.
MEP amplitude
The effect of beta-tACS on MEP amplitude over all studies (N ¼ 47; Table 3 ) revealed a significant mean effect size of E ¼ 0.287, 95% CI ¼ 0.133e0.440 (Z ¼ 3.67, p < .001; Fig. 3A ). Rosenthal's failsafe method showed that 304 null-results are necessary to yield this effect size non-significant (p > 0.05). Total heterogeneity of effect sizes (g) was not significant, Qtotal ¼ 49.43, p ¼ .338 (Fig. 3B) . Inspection of the normal quantile plot, representing the standardized effect size (y-axis) compared to the standard normal distribution (x-axis), indicated that the effect size estimates (g) were normally distributed [46] . Publication bias was estimated by performing a non-parametric rank-order correlation between the effect size estimates and sample size [44] . The result indicated low risk for publication bias, r ¼ 0.08, p ¼ .589. Next, differences in intensity, montage and online vs offline stimulation were explored. It was found that tACS intensity used in different studies significantly affects the mean effect size (F(1,45) ¼ 4.09, p ¼ .049; Fig. 3C ). Studies using a stimulation intensity of larger than 1 mA had a mean effect size of E ¼ 0.520, CI ¼ 0.295e0.746 (Z ¼ 4.53, p < .001), whereas studies using a tACS intensity of 1 mA or below had a mean effect size of E ¼ 0.161, CI ¼ À0.052 -0.373, (Z ¼ 1.48, p ¼ .139). However, with regards to superficial current density, a Spearman correlation revealed no significant relationship to MEP amplitude (r ¼ 0.19, p ¼ 0.193).
With regards to tACS montage, the results indicated that different montages do not affect MEP amplitudes equally (F(4,40) ¼ 5.38, p ¼ .001; Fig. 3C ), although this result should be interpreted with care given the low number of samples for some montages. A posterior reference electrode, positioned over Oz or Pz, yielded a mean effect size significantly larger than zero; M1-Oz:
In addition, the HD-tACS montage was significantly larger than zero (Z ¼ 2.06, p ¼ .039), with a large mean effect size of E ¼ 1.478, CI ¼ 0.074e2.882. Finally, no significant differences were observed for studies investigating the effect of beta-tACS on MEP amplitude online vs offline (F(1,45) ¼ 0.43, p ¼ .517; Fig. 3C ).
Discussion
Research has provided evidence for effects of tACS on cortical physiology in the motor, visual and cognitive domain, using a variety of stimulation frequencies [3, 4, 47] . In the motor domain beta- tACS has been of particular interest, since evidence from EEG studies suggests beta oscillations to be the default rhythm of the sensorimotor system [8, 9] . Consequently, several studies have aimed to alter motor cortex excitability by applying tACS in the beta range over the motor cortex. In the present meta-analysis we show that beta-tACS is able to increase corticospinal excitability, with a small-to-moderate effect size in healthy volunteers ( E ¼ 0.29). Examination of tACS parameters revealed a significant effect of stimulation intensity. Whereas tACS studies applying currents of 1 mA peak-to-peak or less did not significantly affect MEP amplitudes ( E ¼ 0.16), studies using more than 1 mA did increase MEP size with a medium effect size ( E ¼ 0.52). Indeed, Cancelli and colleagues [16] specifically investigated the effects of tACS intensity and found that stimulation around 2.2 mA increased cortical excitability, whereas stimulation around 0.875 mA decreased cortical excitability. This finding contrasts with the results from a recent transcranial direct current stimulation (tDCS) study, indicating that for tDCS there is no superior effect of stimulation intensities above 1 mA [48] . However, our present results concur with a previous meta-analysis on the effects of tACS on cognitive performance [47] . In this previous study a significantly larger effect of tACS with an intensity of >1 mA ( E ¼ 0.90) compared to effects of 1 mA intensities ( E ¼ À0.08) was found for anterior-to-posterior montages. Evidence from both that and the present meta-analysis suggest that higher intensities may be required for tACS compared to tDCS, at least for some montages. It is important to note that tACS intensities reflect peak-to-peak amplitudes, whereas tDCS intensities relate to a constant current. That is, an intensity of 1 mA peak-to-peak implies that the maximum current applied on the head is 0.5 mA oscillating around a mean of 0. Furthermore, due to the oscillating nature of tACS, the intensity is only maximal at the peaks and submaximal at any other point of the cycle, meaning that less current passes through the skull with a given stimulation duration. Thus, tACS studies using an intensity of 1 mA (peak-to- peak) apply, in total, smaller currents than tDCS studies using an intensity of 1 mA. Since the current intensity that eventually reaches the cortical tissue is just a fraction of the intensity applied on the scalp, it is possible that alternating currents are ineffective if the intensity is too small. Our data suggest that tACS intensities larger than 1 mA may be desirable. However, the exact relationship between induced currents and MEP amplitude needs to be further addressed in future studies, particularly because no significant correlation was found between superficial current density and effect size. This is surprising, since current density is a reflection of intensity controlled for electrode size and given the findings on tACS intensity, a positive relationship was expected. It should however be noted that low current density montages (<0.1 mA/cm 2 ) with large electrodes have been used by the majority of studies investigated here. More studies using HD electrode montages and parametrical manipulation of both stimulation intensities and electrode size are required to provide a definitive conclusion on this matter.
Furthermore, a significant effect of the tACS montage on MEP size was found. Montages that have been used most frequently are M1-Oz and M1-Pz. This is a noticeable difference compared to studies applying anodal tDCS, in which the 'traditional' montage is M1-SOR, yet for tACS this montage has only been used by four studies. This is remarkable since online anodal tDCS is ineffective in altering M1 excitability using posterior montages, at least when applied for brief stimulation periods of 4 s [49] . However, posterior montages were preferred by several studies to minimize the chance of participants perceiving phosphenes, which is more likely for, but not exclusive to, anterior montages [50, 51] . Interestingly, our metaanalytic data showed that both posterior montages M1-Pz and M1-Oz, significantly increased MEP amplitudes. Even more surprisingly, the conventional M1-SOR montage did not significantly increase MEP amplitudes. These results may suggest that montages, and possibly other parameters, cannot simply be extrapolated from tDCS to tACS. However, results of the analysis on montages should be interpreted with caution, since the sample size was small and more research is needed to establish the optimal tACS montage for affecting MEP amplitude.
Furthermore, the comparison between online and offline tACS showed no significant difference on MEP amplitude. Despite comparable effect sizes, the mechanisms behind online and offline tACS effects are not necessarily the same. Typically, entrainment of cortical oscillations inducing neural synchronization is described as one of the main mechanism of tACS, which inherently relates to online effects. However, more recently STDP has been proposed to explain offline tACS effects [4,52e55] . According to this explanation, the effects of tACS dependent on the intrinsic natural frequency of recurrent networks in a particular brain region. Synaptic strength will increase when pre-synaptic potentials precede postsynaptic potentials, as is the natural order of synaptic transmission [56, 57] . Consequently, tACS effects are predicted to be excitatory if the exogenous current frequency is similar or slightly below the endogenous recurrent network frequency [53, 55] . Indeed, Vossen et al. [53] showed maximal offline tACS effects on oscillations slightly above the stimulated frequency (þ0.5 Hz). Conversely, when post-synaptic precedes pre-synaptic activity, which may occur when exogenous current frequency is above the endogenous recurrent network frequency, an inhibitory effect may be observed [54] . Wischnewski et al. [25] suggested that 2 mA betatACS for 15 min can have after effects on MEP amplitudes for at least 60 min. This finding concurs with findings of Kasten et al. [24] who showed after-effect of tACS on hemodynamic cortical activity that lasted approximately 70 min.
The interaction between stimulation and recurrent network frequency, and thus the specific peak oscillating frequency, emphasizes that the effects of tACS are brain state-dependent [27, 58] . "None reported" was used if skin sensations or phosphene perception was not explicitly reported by the authors. This may mean that indeed no sensations were observed, or that participants were not specifically asked about this.
Out of the studies that explicitly documented skin sensations (n ¼ 14), 7 studies reported no skin sensation at all. In total, 18.5% of participants reported on feeling the stimulation.
Out of the studies that explicitly documented phosphenes, (n ¼ 9), 6 studies reported no perception of phosphenes at all. In total, 7.2% of participants reported perceiving visual sensation. As is proposed for other non-invasive brain stimulation techniques, tACS cortical effects most likely follow homeostatic properties [10, 59] . Given that the brain has limited amount of energetic resources [60] , neural populations that are asynchronous may be susceptible tACS neuromodulation, whereas neural populations that are highly synchronous may be less susceptible to tACS [58] .
Furthermore, recent studies have demonstrated that the phaserelation between the TMS pulse and tACS oscillation can affect the MEP size [33, 34, 36, 40] . However, the results have not yet been consistent. For example, whereas Schilberg et al. [40] found the largest amplitudes when MEPs were tested on the rising flank of the oscillation, Guerra et al. [33] observed the largest MEP amplitudes at the trough of the oscillation. The divergent results may be explained by differences in other parameters between Guerra et al. [33] and Schilberg et al. [40] , such as tACS intensity (1 mA vs. 1.5 mA, respectively) and electrode size (35 cm 2 vs. 9 cm 2 , respectively). Yet, more studies are needed to elucidate phase-related influences of tACS on MEP amplitude. When administering tACS it is important to consider the influence of transcutaneous and retinal stimulation [50, 51, 61] . For instance, Schutter & Hortensius [50] found that participants perceived phosphenes during 20 Hz tACS at an intensity of 1 mA for Fig. 2 . Risk of bias assessment. 1 Unknown whether experimenter was blinded. 2 MEP amplitude data not reported. Data was retrieved via personal communication. 3 No report on participant blinding. 4 Experimenter was not blinded. [61] demonstrated that peripheral nerve stimulation in rats and humans can induce entrainment of oscillations in the motor cortex. Therefore, controlling for these confounding effects is crucial in tACS experiments. Out of the studies investigated n the present meta-analysis that reported on these effects, 18.5% of participants reported having skin sensations and 7.2% of participants reported perceiving phosphenes (Table 2) . It can therefore not be ruled out completely that such confounds may in part contribute to the present tACS findings. Therefore, attention should be directed to reducing skin sensations and phosphene perception if possible, by choosing optimal parameters and keeping electrode resistance as low as possible. For the interpretation of the present meta-analysis it is relevant to acknowledge several limitations. First, due to the variability in parameters, the sample sizes were not sufficiently large for investigating detailed tACS setting specifics. As such analysis of montage and intensity do not take into account variables such as stimulation duration or scalp-cortex distance. Furthermore, superficial current density values were distributed unevenly. That is, a large amount of studies used conventional electrode setups with low current densities, whereas only a few used HD-montages with higher current densities. Therefore, interpretation of the present results on superficial current density remain tentative. Second, the effect sizes represented here reflect the difference between online/offline tACS and a pre-stimulation baseline, without an additional control condition, such as sham tACS. Since a number of valuable studies did not contain a sham condition [18e20, 25, 34, 37] , no comparative effect sizes were calculated. Third, the majority of studies in the meta-analysis investigated the left M1, which corresponds typically to the dominant hand. Also, hemispheric asymmetries in cortical excitability and beta power in resting state EEG have been reported [62] . Therefore, the results cannot simply be extrapolated to the right M1. Finally, relatively young individuals around the age of 25e30 were investigated by most studies. Since the effects and mechanisms of non-invasive brain stimulation are suggested to vary with age [28, 63] , the present results can therefore not be generalized to individuals of older age.
Some studies have investigated whether a beta-tACS-induced change in M1 excitability translates to a behavioral outcome variable such as motor learning. Pollok et al. [64] showed that acquisition in a serial reaction time task was enhanced after 20 Hz, compared to tACS at a control frequency. Furthermore, Krause et al. [65] showed that the retrieval of previously learned motor sequences was facilitated after beta-tACS. These findings may hint at future applications of tACS in clinical populations for aiding recovery of motor-related diseases, following in the footsteps of tDCS [66, 67] .
In conclusion, the results suggest that beta-tACS enhances the excitability of the corticospinal tract by a small-to-moderate effect size in healthy volunteers. This effect is particularly pronounced Table 1 . B) Normal quantile plot The quantiles of the distribution of the effect size estimations are plotted against the quantiles of the standard normal distribution with a mean of 0 and standard deviation of 1. Data points are close to the line X ¼ Y and within the 95% confidence bands indicating that the data set does not deviate from normality. C) Mean ± SEM effect size of intensity, montage and online/offline comparison.
when stimulation intensity was above 1 mA. Furthermore, montage significantly affected effect size, suggesting that posterior-occipital references are more effective than orbito-frontal ones when using beta-tACS. Altogether these findings may spark a venture into behavioral modulation using this technique. However, more research is needed to titrate the stimulation parameters and montages to further reduce variability and increase efficacy.
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